Abstract: The copolymerization of ethylene (E) and norbornene (N) was carried out with ansa-metallocenes such as rac-Et(Ind) 2 ZrCl 2 (1) and iPr(CpFlu) 2 ZrCl 2 (2) cocatalyzed by modified methylaluminoxane in the presence of a 3 rd monomer. As 3 rd monomers, not only -olefins but also vinyl monomers were used. With the addition of a small amount of 3 rd monomer, the catalyst activity of 1 and 2 could increase depending on the structure and amount of 3 rd monomer added. The glass transition temperature (T g ) of polymer obtained in the presence of a 3 rd monomer was higher than that of E/N copolymer. By using an appropriate mixed medium, the catalyst activity and T g of the polymer could be adjusted. With 13 C NMR analysis, it was found that the incorporation of N in the polymer was enhanced by the addition of 3 rd monomer. The 3 rd monomer effect was also observed for the copolymerization system of E and 5-ethylidene-2-norbornene.
Introduction
Since Kaminsky discovered that ansa-metallocenes produce a copolymer of ethylene (E) and norbornene (N), much efforts were devoted to the development of cycloolefin copolymers (COC) [1] . With their peculiar properties of high clarity and thermal stability, COC can be applied for CDs, DVDs and other optical applications. Due to the low reactivity ratio of N in the copolymerization with E, it is necessary to enhance the incorporation of N in polymer for the practical production of COC.
For E copolymerization initiated with heterogeneous Ziegler-Natta catalysts, the catalytic activity was found to be larger than for the homopolymerization of E [2, 3] . This enhancement of polymerization rate due to the presence of comonomer for a stereoregular polymerization was noted as "comonomer effect" [4] or "filter effect" [5] .
For the copolymerization of propylene and 1-hexadecene initiated with highly isospecific Ziegler-Natta catalyst, it was found that the catalyst activity as well as the incorporation of 1-hexadecene are improved by the addition of 1-hexene as a 3 rd monomer [6] . Similar experimental results have been found for the preparation of E and propylene (P) ionomers by using the Solvay TiCl 3 catalyst [7] . By addition of 1-hexene to the copolymerization system of E or P with ethylchloroaluminium-10-undecenoate as an acid monomer, the catalyst activity as well as the content of acid monomer increased.
With this background, the copolymerizations of E and N initiated with ansametallocenes and modified methylaluminoxane (MMAO) cocatalyst were examined in the presence of .-olefins such as 1-hexene, 1-octene and 1-decene as a 3 rd monomer [8] , and it had been found that the catalyst activity and the glass transition temperature (T g ) of polymer as well as the incorporation of N in polymer could increase depending on the catalyst as well as the structure and amount of added .-olefins. As mentioned above, the catalytic activity and T g of polymer as well as the N incorporation in E/N copolymerization could be improved by addition of a small amount of 3 rd monomer, and this special phenomenon has been called the "3 rd monomer effect".
In this article, various styrene derivatives as well as .-olefins were examined as a 3 rd monomer for E/N copolymerization initiated with rac-Et(Ind) 2 ZrCl 2 (1) or iPr(Cp)(Flu)ZrCl 2 (2) and MMAO cocatalyst exhibiting different catalytic behavior [9] , and the effects of 3 rd monomer on the catalyst activity and the polymer structure were examined.
Experimental part

Materials
The ansa-metallocenes such as rac-Et(Ind) 2 ZrCl 2 (1) (Strem Chem., USA) and rac-iPr(CpFlu) 2 ZrCl 2 (2) (Boulder Sci., USA) were purchased and used as received. Modified methylaluminoxane (MMAO, Type-4, 6.4 wt.-% Al, Akzo, USA) was used without further purification. Ethylene (E, Korea Petrochem. Ind. Co., Korea) was used after passing through columns of CaSO 4 and P 2 O 5 , and norbornene (N, Tokyo Kasei, Japan) and 2-vinylnaphthalene (Aldrich Co., USA) were dissolved in the purified toluene and dried with molecular sieve. The .-olefins such as 1-hexene (Tokyo Kasei, Japan) and 1-octene (Tokyo Kasei, Japan) and the styrene derivatives such as styrene (Junsei Chem., Japan), 4-methylstyrene (Tokyo Kasei, Japan) and 1,1-diphenylethylene (Aldrich Co., USA) as well as 5-ethylidene-2-norbornene (Tokyo Kasei, Japan) were purified by vacuum distillation after drying with CaH 2 (Junsei Chem., Japan). Toluene (Duksan Chemical Co., Korea) was purified after refluxing with sodiumbenzophenone complex.
Polymerization procedure
All operations were carried out under a nitrogen atmosphere. In a 400 ml glass reactor were introduced sequentially the proper amounts of toluene, N and MMAO solutions and then the system was saturated with E. With a continuous flow of E, the polymerization was initiated by injecting the toluene solution of ansa-metallocenes and continued for 1h. If necessary, the 3 rd monomer was added to the reactor after N.
Polymer characterization
The glass transition temperature of the obtained polymer was measured by means of differential scanning calorimetry (DSC, DuPont TA 2000) at 20 °C/min. The composition of the produced polymer was analyzed with carbon-13 nuclear magnetic resonance spectroscopy ( 13 C NMR, Varian, Unity, 500MHz) in 1,1,2,2-tetrachloroethane/dimethyl-d 6 -sulfoxide (4/1 vol/vol) at 75 °C.
Results and discussion
In a preliminary study [8] , it was found that the copolymerization system of ethylene (E) and norbornene (N) initiated with various ansa-metallocenes cocatalyzed by modified methylaluminoxane (MMAO) exhibited the 3 rd monomer effect; i.e., the catalyst activity and the glass transition temperature (T g ) of polymer as well as the incorporation of N in polymer could be changed by the addition of .-olefin as a 3 rd monomer depending on the structure of the metallocene catalyst.
To investigate the effect of added 3 rd monomer on the copolymerization of ethylene (E) and norbornene (N) in detail, the copolymerizations were catalyzed with typical ansa-metallocenes such as rac-Et(Ind) 2 As shown in Tab. 1, the glass transition temperature (T g ) of E/N copolymer obtained with 2 was found to be much higher than that with 1. This difference in thermal properties of E/N copolymers produced with 1 and 2 might be due to the variation in N content as well as the monomer sequence distribution [9, 10] .
With the addition of a 3 rd monomer, the catalyst activity was changed and dependent on the structure of metallocene catalyst as well as 3 rd monomer. In general, the catalyst activity of 1 was larger than that of 2. For 1, the catalyst activity increased with addition of H as 3 rd monomer but diminished with S. On the other hand, the catalyst activity of 2 was enhanced with addition of H as well as S. By the addition of 3 rd monomer, T g of polymer became higher than that of E/N copolymer irrespective of the 3 rd monomer as well as the catalyst used. Even with the addition of a small amount ([3 rd monomer]/[E] = 0.4) of 3 rd monomer, it was found that the content of N estimated by 13 C NMR spectra was improved up to 5-10 mol-%. For a constant feed ratio of 3 rd monomer, the N content of polymer produced in the presence of S was larger than that with H as 3 rd monomer while H was incorporated more in polymer than S due to its smaller steric bulkiness. Because of the high content of H as well as the low content of N, T g of polymer obtained with the addition of H was lower than that obtained in the presence of S as 3 rd monomer.
For 1 which exhibited higher catalyst activity than 2, the copolymerizations of E and N with the addition of various 3 rd monomers were conducted at constant feed ratio of [N]/[E]. As a 3 rd monomer, not only .-olefins such as 1-hexene (H) and 1-octene (O) but also various styrene derivatives such as styrene (S), 4-methylstyrene (MS), 2-vinylnaphthalene (VN) and 1,1-diphenylethylene (DPE) were applied. For various 3 rd monomers, the variation of catalyst activity with the amount of 3 rd monomer was examined and plotted in Fig. 1 . As shown in Fig. 1 , the catalyst activity was changed depending on the structure and amount of 3 rd monomer. With the addition of H, O and DPE as a 3 rd monomer, the catalyst activity increased to a maximum and then diminished for larger amounts of 3 rd monomer. In the presence of S, MS and VN as a 3 rd monomer, the catalyst activity decreased gradually with the added amount of 3 rd monomer.
The change of T g of the polymer with the structure and amount of 3 rd monomer is given in Fig. 2 . As expected, the T g of polymer obtained with addition of H and O decreased slightly with the amount of 3 rd monomer. On the other hand, T g of polymer produced with addition of S, MS and VN as well as DPE increased up to 20-30 o C above that of E/N copolymer. Polymerization conditions as given in Fig. 1 The composition of polymer produced with addition of 3 rd monomer was estimated from 13 C NMR analysis, and it was observed surprisingly from enhancement of monomer diffusion [2, 3] , or it could be speculated that the presence of 3rd monomer produces an environmental change of the active site [11] .
In Fig. 4 , the T g of polymer obtained with the addition of various 3 rd monomers is plotted against N content including the case of E/N copolymer [12] . The measured T g shows a linear relationship with N content. Therefore we consider that the main factor determining T g is N content. Of course, there is a small deviation from the linear relationship which might be due to the incorporation of 3 rd monomer. In Tab. 2, the catalyst activity decreases while T g of polymer increases with increasing the amount of S. In addition, not only S content but also EN content increases with the addition of S as a 3 rd monomer. From these observations, it was concluded that the 3 rd monomer effect occurs in the copolymerization of E and cyclic olefin irrespective of the structure of cyclic comonomer. Detailed examinations of the microstructure of produced polymer as well as the polymerization behavior of E/EN copolymerization with addition of 3 rd monomer are in progress, and the results will be published separately.
For E/N copolymerization, the effects of mixed medium on the catalyst activity and the T g of E/N copolymer were examined and the results are shown in Figs. 5 and 6. For the catalyst activity given in Fig. 5 , only the aromatic mixed medium of toluene/benzene exhibited a remarkable enhancement of catalyst activity while the other mixed mediums such as toluene/cyclohexane and toluene/n-hexane gave negative results. With the addition of S as a 3 rd monomer, the E/N copolymerization was carried out in various mediums and the experimental results are given in Tab. 3. As can be seen there, the most polar medium of chlorobenzene gave the highest catalyst activity and the aromatic medium had more effect on catalyst activity than the aliphatic ones. Irrespective of the polymerization medium, the catalyst activity decreased but T g of polymer increased with the addition of S as a 3 rd monomer. From the above results, it is concluded that the catalyst activity and the N content of copolymer can be controlled by using an appropriate medium. The reason of this phenomenon is not clear yet, but we assume that the phase of the polymerization system, the solubility of ethylene monomer as well as the environment of the active site and/or the solubility of MMAO cocatalyst [13] in the medium can change the polymerization behavior. Actually the phase of the polymerization system became heterogeneous with increasing n-hexane amount in toluene/n-hexane.
Conclusion
For the copolymerization of ethylene (E) and norbornene (N) initiated with racEt(Ind) 2 ZrCl 2 and modified methylaluminoxane cocatalyst, the catalyst activity and the N content as well as the glass transition temperature (T g ) of polymer can be adjusted more freely by the addition of a 3 rd monomer. With styrene derivatives such as styrene, 4-methylstyrene and 2-vinylnaphthalene as 3 rd monomer, T g of polymer increased while the catalyst activity decreased. By the addition of .-olefins such as 1-hexene, 1-octene or 1,1-diphenylethylene, the catalyst activity improved but T g of polymer decreased. With the addition of 3 rd monomer, not only the content of 3 rd monomer but also the content of N unexpectedly increased, which is called the "3 rd monomer effect". This effect can be adjusted by proper choice of the catalyst, 3 rd monomer, as well as the polymerization medium. In addition, the 3 rd monomer addition method can be valuable to prepare a new polyolefin material possessing physical properties different from the polymer obtained by usual copolymerization.
